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Abstract 
We develop a completed mathematical method to calculate the optical constants of the single layer thin film grown on a 
transparent substrate. The reflectance and transmittance were first measured individually from the substrate and workpiece by the 
spectrometer. The workpiece consists of the interested film and substrate. The spectrometer is selected because this instrument is 
affordable and easily installed in most labs. The measured reflectance was corrected by background signal subtraction. A 
developed code based on the matrix method and two-dimensional Newton-Raphson iteration was used to extract the optical 
constants from the reflectance and transmittance measurements on the workpiece. The thin film thickness can be obtained from 
the graphic method when the measured wavelength ranges were properly selected. The refraction index of the quartz substrate 
decreases with increasing the measured wavelengths ranged from visible to near infrared spectrum. This data trend is consistent 
with the data reported in the documents. The refraction index of the CVD grown silica is slightly higher than that of the quartz 
substrate.   
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1. Introduction 
Silica can be manufactured in different forms, including the fused silica, crystal, fumed silica, pyrogenic silica, 
colloidal silica, silica gel, aerogel. Silica has excellent optical transparency in the visible and infrared spectrum and 
has been widely used as optical fiber core material in the telecommunication network. The characteristics of the 
silica are strongly dependent on the manufacturing methods and the process variables [1-3] and its optical properties 
are well-documented [4-6]. The chemical vapor deposition (CVD) is one of the important methods to obtain the 
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denser phase silica. We characterized the deposited silica films and distinguished them from the fused quartz 
through the optical measurements.    
The optical constants, including the refraction index and extinction coefficient of the material are real material 
properties. The material optical constants are related to the microstructure, electron band gap structure of the 
evaluated material and the examined wavelengths. However, the reflectance and transmittance are not material 
properties and their values are strongly dependent on the workpiece thickness and extinction coefficient when the 
thin film is examined and the extinction coefficient of the workpieces is not equal to zero. The measured and 
reported reflectance and transmittance usually were for the engineering application purposes but had less physical 
meaning [7].   
There are several methods used to determine the optical constants of materials. The spectrometer is one of the 
popular instruments to accomplish this mission. The spectrometer is commonly used to measure the reflectance and 
transmittance of the workpiece. The optical constants were obtained from the post-calculation after the accurate 
reflection and transmission measurements were conducted [8-10]. In this paper, we reported our numerical 
calculation results on the silica films deposited on the quartz substrate by CVD processes.  
2. Experimental  
The silica SiOx films were prepared by plasma enhanced chemical vapor deposition (PECVD) method and 
deposited on the fused silica (quartz) substrates. The thickness of the quartz substrate was 1.0mm. The SiOx was 
formed by the following chemical reaction.  
N2O + SiH4Æ SiOx + 2 H2 + N2      
The machine used to conduct this reaction was Oxford Instrument Plasma Technology System 100 installed in 
Taiwan national nano device laboratories. The flow rates of N2 and silane were fixed to be 161.5sccm and 5sccm, 
respectively. The N2O flow rates of 700sccm and 900sccm were adjusted to tune the deposition condition and to 
obtain the different refraction index of the products. The rest of the deposition conditions were maintained the same 
as: the chamber pressure was 1 torr, the substrate temperature was 300oC, and the power was 20W with 13.56MHz 
radio frequency. The film growth rate was estimated to be 60nm a minute.   
The reflectance and transmittance of the substrate and workpiece were measured by Perkin-Elmer spectrometer 
lambda 900. The full examined wavelengths ranged from 200nm to 2500nm. The film side of the workpiece must 
face the light source in the experiemnt, according to the theoretical calculation requirements. Each plotted curve was 
averaged from at least three measurements. We also measured the air, or empty space, reflectance and transmittance 
to calibrate the instrument.   
The mathematical derivation and calculation of the material optical constant from the reflection and transmittance 
for a thin film deposited on a transparent substrate were published elsewhere [8]. The geometric workpiece structure 
is that the deposited film is on a transparent substrate, which distinction coefficient must be zero under the examined 
wavelength ranges. The un-polarized or polarized light sources can be used and the light hits directly and normally 
to the film side. The reflectance and transmittance are measured individually in each side of the workpiece. The 
original theory for reflectance and transmittance calculation from the optical constant is derived from the matrix 
method and referred to textbook written by Heavens [11]. This calculation is direct and straightforward. However, 
the inverse optical constant calculation from their corresponding measurement set is strictly awkward due to the 
severe non-linear simultaneous functions to be solved. We used a two-dimension numerical iteration, Newton-
Raphson iteration to solve the simultaneous equations. The initial film thickness was estimated from the film 
deposition rate and time because the combined product of refraction and thickness was separated difficultly. Several 
trials were necessary to decide the proper film thickness when the solutions were carefully monitored.
3. Results and Discussion   
The air or empty space reflectance and transmittance after 5 scans averaged were illustrated in Fig. 1 and 2. The 
ideal reflectance and transmittance of the empty space should be zero and 100% read from the spectrometer, 
respectively. However, the read reflectance was shifted up 1-2% even though the whole measured instrument was 
installed in a black box and covered by a blanket to isolate the instrument from the stray light from the environment. 
The possible causes for reflectance deviated from zero came from the light leakage from the integrating sphere and 
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the system signal drift. The noise amplitude of the read transmittance from the empty measurement was fluctuated 
within ± 0.5%, which was better than that of the reflectance measurement. The 100% average transmittance was 
located between 450nm and 2000nm wavelength ranges.
The reflectance curves measured directly from the spectrometer and after the subtraction from the empty space 
reflectance noise were illustrated in Fig. 3. There are several discontinuous spots in the curves shown in Figs. 1, 2 
and 3. They were located in 319nm, 860nm, 1333nm and 1932nm. The discontinuous locations of 319nm and 
860nm originated from light source change and detector change in the spectrometer, according to the manufacturer 
information. However, the reasons for the discontinuous spots located at 1333nm and 1832nm were unclear. 
Nevertheless, the abrupt jumps occurred at these discontinuous spots can be mitigated or even eliminated after the 
empty reflection noise was subtracted. The upper curve in Fig. 3 was the original measured reflectance curve and the 
lower curve became smooth after the original curve was subtracted from the curve shown in Fig. 1. The 
transmittance curve measured in the spectrometer for the air was illustrated in Fig. 2. The curve scatter was less 
severe than that of the reflectance. Most of the scattering magnitude in the measured wavelengths ranged 0.5% 
except the wavelengths were located in both ends and in the detector changed position.   
The transmittance curves were relatively smoother than the reflectance curves. We processed the regression 
analysis on the quartz substrates and on the curves obtained from the different N2O flow rates of 700sccm and 
900sccm workpieces. Three regressed transmittance curves were shown in Fig. 4. The substrate material and the 
Fig. 1. The empty space or air reflectance curve noise Fig. 2. The empty space or air transmittance curve 
Fig. 3. The reflectance curves before and after the 
empty space reflection subtraction. The upper 
curve was before treatment and the lower curve 
was after the treatment. 
Fig. 4 Three measured transmittance curves were 
mathematically regressed. The red line was 
regressed from the substrate slab. The blue line 
was regressed from N2O 700sccm and the 
yellow line from the N2O 900sccm process. 
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deposited silica were transparent materials in the visible light and the near infrared light wavelength ranges. The 
extinction coefficients for the treated materials are zero or negligible. The reflectance can be calculated directly 
from the subtraction of 100% from the transmittance. The resulted curves were shown in Fig. 5. The transmittance 
curves decreased gradually and the difference was less than 1% when the measured wavelength decreased from 
2500nm to 350nm but dropped abruptly when the measured wavelengths were shorter than 300nm. The fluctuations 
of the transmittance and reflectance were observed in two workpieces and the maximum fluctuations were about 
0.5%. The transmittance fluctuations occurred below the substrate transmittance curve. The corresponding 
reflectance curves were a mirror image to the transmittance curves.   
The film thickness was determined from either the oscillated peaks or valleys of the reflectance and transmittance 
curves. Fig. 6 was an example silica film deposited by 900sccm N2O flow rate. The regression curve was calculated 
from the first regressed transmittance curve and placed in the bottom. The original reflectance curve was plotted 
above it for comparison purpose. The plotted curves were shifted vertically for clear comparison purpose and there 
was no y-axis scale. The grid scale in vertical scale was 0.5%. Three simulated curves for different assigned film 
thicknesses were illustrated in the same graph to judge the deposited film thickness. The initial estimated film 
thickness was from the deposition rate and time of the process. The best fit thickness for this 900sccm N2O flow rate 
workpiece was 0.9585ȝm. The same thickness determination process was applied on the workpiece of 700sccm N2O 
flow rate treatment and the thickness was estimated to be 0.9083ȝm.  
The iteration solutions for workpiece grown by 700sccm N2O flow rate were illustrated in Fig. 7 at the 
wavelength ranges from 0.4ȝm to 2.2ȝm. The vertical scale was plotted from 0 to 2 to adopt both refraction index 
and extinction coefficient in one figure. The upper blue curve was refraction index and the red bottom straight line 
was extinction coefficient, which should be zero at the calculation limitation. They were several discontinuous spots 
in the refraction index curve where no solution was found. The discontinuous spots were closed to the local curve 
minimums or maximums. The main causes to create those discontinuous spots were differential operation used in 
Newton-Raphson method to find the solution and the small and quick oscillation in the extremes of the curves. The 
small and quick oscillations of less than 1% fluctuation resulted in low gradient change and generated the solution 
searching problems. The same method was applied to high fluctuation of high refraction contrasted material 
workpieces and caused no problem [6,8]. 
It seemed to have another refraction index line located in value 1 except the line was located in value 1.44 shown 
in Fig. 7. The refraction index of 1 is air which seemed no thin film existed on the substrate and indicated apparently 
that the low fluctuated amplitude led error result. There are always multi-solutions found from the Newton-Raphson 
iteration and the physical meaning is necessary to judge the corrected searched solutions. The extruded calculation 
Fig. 5 Three measured reflectance curves were 
mathematically regressed. The red line was 
regressed from the substrate slab. The blue line 
was regressed from N2O 700sccm and the yellow 
line from the N2O 900sccm process.  
Fig. 6 The thin film thickness was determined from the 
oscillated peaks of the fluctuated curves. Each 
curve was shifted vertically for easy examination. 
The workpiece was from N2O flow rate of 
900sccm sample. The regression curve was in the 
bottom and the original measured curve was next 
up. Three different film thicknesses were 
simulated. The best fit was found to be 0.9585ȝm. 
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solutions deviated from the exactly correct line solutions were found in Figures 7 and 8 because of the multi-
solutions and mathematic manipulation. The same solution phenomena were also found in the similar category 
papers [9,10].   
Fig. 8 was the refraction index summary graph collected from three studied workpieces and from the published 
document [4,5]. The range in vertical axis was from 1.3 to 1.6 to exaggeratedly clarify the difference. The substrate 
quartz showed a smooth curve of refraction index which was almost consistent with the published results, shown in 
dotted points [4] and the refraction index values were within the collected ranges [5]. The difference between them 
was less than 0.01. The minor difference might come from the different sample source, preparation and treatment 
and from the different measurement method. The refraction index from the workpieces prepared from 700sccm and 
900sccm were indistinguishable each other and decreased with increasing wavelengths. The values of refraction 
index of the deposited films were slightly higher than that of the substrate and resulted in the reflection oscillation 
pattern over the substrate reflection, shown in Fig. 5. The small oscillation amplitude difference was derived from 
the insignificant refraction index difference.   
4. Conclusion 
The refraction index from the quartz substrate which the reflectance and transmittance were measured by the 
spectrometer and calculated from our developed software were in good agreement with the data reported in 
documents. The values of refraction index were from 1.432 to 1.479 within the decreasing wavelengths from 
2200nm to 350nm. The values of extinction coefficient were calculated to be less than 1x10-4 and were considered 
as zero within the measurement limitation. The deposited silica prepared from CVD process under 700sccm and 
900sccm N2O flow rates exhibited the same values of refractive index. The refractive values of deposited silica were 
about 3% higher than that of the substrate.  
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